ABSTRACT We have investigated the sites of DNA damage by the antitumor antibiotics neocarzinostatin and bleomycin by using a 5'-end-labeled DNA fragment of defined sequence as a substrate. At the high drug concentrations used here, neocarzinostatin creates single-strand breaks in DNA at positions of adenine and thymine in the presence of 2-mercaptoethanol, and bleomycin cleaves DNA at GC and CT sequences and to a lesser extent at TA sequences with its degradative activity enhanced by 2-mercaptoethanol. In the presence of ferrous ions, bleomycin cleaves DNA at TT, AT, and TA, as well as at CC and CT sequences. Both antibiotics make double-strand breaks in DNA at specific sites and it is likely that these result from two indepenen single-strand breaks at nearby sites on opposite strands of the DNA. Neocarzinostatin (NCS) and bleomycin are antibiotics with antitwnor activity. NCS is a polypeptide of molecular weight 10,700 isolated from the culture filtrates of Streptomyces carzinostatcs (1). It has been purified to homogeneity and the amino acid sequence has been determined (2). The bleomycins are a family of glycopeptide antibiotics produced by Streptomyces vertcilius (3). Bleomycinic acid is the basic structural component common to all the bleomycins which differ from one another in the composition of the amine group (4). The bleomycin currently in clinical use, Blenoxane, is used in this study, and is a mixture of several bleomycins, but is predominantly bleomycin A2 and B2 (5).
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Cleavage of cellular DNA by both NCS and bleomycin probably accounts for the antibiotic and antitumor activity of these drugs. Both NCS and bleomycin cause single and double-strand breaks in intracellular DNA of bacterial and mammalian cells (6, 7) . Both antibiotics also cleave DNA in vitro. In the presence of sulfhydryl reagents, such as 2-mercaptoethanol (2-SEtOH), purified NCS will introduce both single and double-strand breaks into DNA and at high concentrations will degrade DNA into acid soluble products (8) . Incubation of DNA with bleomycin under appropriate reaction conditions results in both single and double-strand breaks (9) .
There is some evidence that the cleavage of DNA by both NCS and bleomycin may occur at specific nucleotides or at specific nticleotide sequences. Treatment of DNA with NCS results in the release of free thymine and to a lesser extent free adenine (10) . Moreover, Poon et al. (8) found that the amount of thyrnine released from the DNA correlated with the number of strand scissions. These observations suggest that strand scission may occur at thymine and at adenine residues. The release of all four bases from DNA was detected when DNA was incubated with high concentrations of bleomycin (10) . However, at low concentrations, thymine appears to be preferentially released (11) . Maxam and Gilbert (cited in ref. 8) have found that at low concentrations (-2 ,ug/ml) bleomycin preferentially released the thymine that was 3' to guanine and to a lesser extent other pyrimidines that follow purines.
We have investigated the site of damage to DNA by NCS and bleomycin by using a DNA substrate of defined sequence. The experiments reported here demonstrate that NCS breaks DNA at thymine and to a lesser extent at adenine. Bleomycin was found to cleave DNA at positions at which the sequences GC or GT occur, as well as at several other sequences that contain thymine residues.
MATERIALS AND METHODS
Purified NCS (12) (18) .
Abbreviations: NCS, neocarzinostatin; 2-SEtOH, 2-mercaptoethanol; A, adenine; C, cytosine; G, guanine; T, thymine. 3608 The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 RESULTS To investigate whether NCS and bleomycin damaged DNA at specific sites, a suitable DNA substrate was prepared. A plasmid constructed by Lorraine Johnsrud that contained the promotor and operator region of the lactose operon (lac P-O) was used for these studies. The configuration of these sequences on the plasmid (Fig. 1 ) permitted the isolation of two 5'-end [32P]DNA fragments labeled on opposite strands of the known sequence. The sequence of this DNA fragment is shown in Fig. 2 . Fig. 3 illustrates the results of experiments in which NCS and bleomycin were incubated with DNA and the products were analyzed on high resolution denaturing polyacrylamide gels. These gels resolve DNA molecules that differ in length by a single nucleotide. The substrates used were either the 117-nucleotide-long DNA fragment or the 168-nucleotide-long fragment. Fig. 3 demonstrates that in the presence of 10 mM 2-SEtOH and NCS the DNA was broken at specific sites. Reactions of the same DNA sequences with hydrazine were run on parallel slots. The sequence of the DNA is indicated to the right of the figures. Inspection of Fig. 3 demonstrates that in these reactions the DNA was broken at positions of thymine and adenine. As previously reported, breakage of DNA by NCS requires the presence of a thiol reagent. It can be seen that the DNA is not significantly degraded by incubation with 2-SEtOH alone. Although a highly purified, homogenous preparation of NCS was used for most of the experiments, a preparation of clinical grade NCS gave similar results.
To rule out the possibility of breaks in the phosphodiester bonds arising during the brief treatment of the DNA samples with 0.1 M NaOH at 90°(the standard procedure for preparing the samples for electrophoresis), a portion of a reaction was layered onto the gel in a nondenaturing buffer. Under these conditions, apurinic DNA molecules remain intact (unpublished observation). All of the shorter DNA cleavage products, <50 nucleotides, are evident. Thus, when these conditions were used, the phosphodiester bonds were broken during the reaction.
The electrophoretic mobilities of the NCS cleavage products were identical to those produced by cleavage of DNA at thymines by treatment with hydrazine or at adenines by treatment with dimethyl sulfate in the chemical DNA sequencing procedure, reactions that leave the 3' termini phosphorylated (18) . The electrophoretic mobility of the DNA products is consistent with the two-step mechanism proposed by Poon et al. (8) involving loss of a base and subsequent ,3-elimination reactions. Fig. 3 also shows that DNA incubated with bleomycin was also broken at specific sites. The sites of bleomycin-induced strand breakage on the same DNA sequence were different from those produced by NCS. The reaction was enhanced in the presence of 10 mM 2-SEtOH. In the presence of 2-SEtOH the DNA was broken at all GC and GT sequences, as deduced by the length of the single-strand DNA products. Cleavage of the DNA at GC sequences was evident at positions 17-18, 26-27, 40-41, 47-48, and at position 31'-32'. Cleavage at the GT sequence was observed at positions 51-52, 58-59, 60-61 and at positions 7'-8', 14'-15', 16'-17' and 24'-25'. A minor cleavage product was also evident at the sequence TA (37-38). The same cleavage products were observed when a portion of a reaction was layered onto the gel without the standard denaturing procedure. Thus, under these conditions, the phosphodiester bonds were broken during the reaction.
The electrophoretic mobilities of these cleavage products were not the same as those of DNA fragments that have 3'-phosphoryl groups. Moreover, more than one DNA product was present at each cleavage site, and electrophoretic mobilities of the DNA fragments were not altered by treatment of the reaction products with 0.1 N NaOH at 90°. It is therefore likely that bleomycin creates more than one type of 3' terminus at each site of damage (19) . A two-step mechanism of strand cleavage may also be involved in this process (removal of the base and subsequent cleavage of the phosphodiester bond).
It was recently reported that ferrous ions (Fe+2) enhance the rate of DNA cleavage by bleomycin (20, 21) . This reaction does not require reducing agents. To determine the effect of Fe+2 on the site of DNA breakage by bleomycin, the 117-long 5'-end-labeled DNA fragment was incubated with bleomycin alone, with bleomycin and FeSO4 (1 mM), and with FeSO4 alone. Some reactions also included 10 mM 2-SEtOH. After the reaction the DNA was extracted with phenol, denatured, and analyzed on high resolution polyacrylamide gels. Fig. 4 demonstrates that the average size of the DNA products was shorter in a reaction that contained bleomycin and Fe+2 than it was in a reaction that contained either bleomycin alone, bleomycin plus 10 mM 2-SEtOH, or Fe+2 alone. This observation confirms the earlier reports that Fe+2 stimulates bleomycin degradation of DNA (20, 21) . Fig. 4 shows that DNA incubated with Fe+2 alone was also degraded. Since, cleavage at every nucleotide was observed, Fe+2 breakage of DNA was independent of the nucleotide sequence. The labeled DNA fragments have the same electrophoretic mobility as those produced by the cleavage reactions of the DNA sequencing protocol of Maxam and Gilbert. Therefore, it is likely that they are phosphorylated at the 3' end. The presence of 2-SEtOH does not significantly affect this reaction. Breakage of DNA by Fe+2 has been reported (22) (23) (24) .
The cleavage products observed in the presence of both bleomycin and Fe+2 were not randomly distributed. Some sites were favored as judged by the increased frequency of strand scission at specific sequences. In addition to the preferred cleavage sites at GC and GT sequences, evident in the thiol stimulated reaction, Fe+2 also enhanced cleavage at some TT, AT, and TA sequences. Products of differing electrophoretic mobility were observed at each cleavage site. The average length of the DNA recovered from a reaction that contained bleomycin, Fe+2, and 2-SEtOH was smaller than that recovered from a reaction that contained bleomycin and Fe+a only. The effect of Fe+2 and thiol on the rate of the bleomycin cleavage reaction appears to be additive. As previously reported (21) , 1 mM CUSO4 did not stimulate bleomycin induced degradation of DNA.
We also investigated the effect of Fe+2 on the degradation of DNA by NCS. The extent of DNA degradation was the same in reactions that included Fe+2, Fe+2 and 2-SEtOH, Fe+a and NCS, and Fe+2, 2-SEtOH, and NCS. In all four reactions the DNA was broken uniformly at all nucleotides. The cleavage products, therefore, could be attributed to the activity of Fe+2 alone. No specific enrichment of those products corresponding in length to the products of DNA cleavage by NCS were observed in reactions that contained Fe+2, 2-SEtOH, and NCS. We conclude that Fe+2 inhibits the activity of NCS, probably by oxidation to Fe+3 which in turn oxidized thiol groups of the 2-SEtOH.
Both NCS and bleomycin create double-strand breaks in DNA (6) (7) (8) (9) . To determine the sequence of the DNA at the sites of double-stranded cleavage, the 5'-end-labeled 117-nucleotide DNA fragment was incubated with the antibiotics in the presence and absence of 2-SEtOH. The double-strand fragments that were generated were analyzed by electrophoresis on a 10% nondenaturing polyacrylamide gel. Fig. 5 demonstrates that both NCS and bleomycin made double-stranded DNA breaks at specific sites but that the length of the DNA fragments produced differed for each drug. The NCS reaction was dependent upon added 2-SEtOH, whereas the bleomycin reaction, although enhanced by the thiol reagent, could occur in its absence.
To determine the precise nucleotide at which the doublestrand break occurred, DNA fragments located on the gel by autoradiography were excised from the gel, eluted, and analyzed on a high resolution denaturing polyacrylamide gel. The length of the longest DNA fragment observed will identify the cleavage site on the 5'-end-labeled strand. In this experiment the eluted DNA fragments were found to contain several internal nicks as indicated by the existence of end labeled DNA products of varying lengths. For those DNA fragments analysed on denaturing polyacrylamide gels, it was possible to deduce the end point of the break by comparison of the length of the longest single-strand DNA product with the length of the single-strand NCS products of the same sequence of DNA (not shown). The breakage points on the 5'-end-labeled strand are indicated on the left of Fig. 5 .
For NCS, breakage points at the 5'-end-labeled strand of the double-stranded breaks were found at every thymine and every adenine residue of the sequence. For bleomycin, they were found at every GC sequence. The cleavage site on the opposite strand was not determined, but it must be located directly opposite or at a neighboring position because the double-strand DNA products had electrophoretic mobility similar to that expected from the longest single-strand molecule isolated from the fragment.
DISCUSSION
The experiments reported here demonstrate that NCS and bleomycin break DNA at specific sites. In the presence of 2-SEtOH, NCS cuts DNA at positions of thymine and less efficiently at adenine. Bleomycm' makes single-strand breaks at GC and GT sequences and to a lesser extent at TA sequences, and its degradative activity at these sites is increased by 2-SEtOH. In the presence of Fe+2, bleomycin also breaks the DNA at some TT, TA, and AT sequences, as well as at GC and GT sequences. Both antibiotics also-make double-strand breaks.
A two-step mechanism that involves base removal by hydroxyl free radicals and subsequent cleavage of phosphodiester bonds via cyclization or,#-elimination could account for the damage to DNA observed here. Experimental evidence for the role of free radicals in DNA damage by NCS (23), bleomycin (21) , and Fe+2 (23-25) has been presented. Furthermore, it has been demonstrated that hydroxyl free radicals can cause cleavage of the N-glycosylic bond (26) . A two-step mechanism suggests that the breakage of the phosphodiester bond might be dependent upon the concentration of the NCS and bleomycin. It has been reported that a low concentration of bleomycin can damage DNA so that phosphodiester bonds become alkali-labile (27) . Samples were loaded in 0.05 M Tris borate buffer, pH 8.3/5% glycerol, and electrophoresis was performed for 16 hr at 200 V. The lengths of the double strand fragments were determined by elution and subsequent loading on denaturation gels as described in the text. Note that bleomycin causes double-stranded cleavage between bases 15 and 19 and between bases 24 and 28. As predicted, the sequence GC exists in these regions. The numbers to the left of the figure that are subsequent to a letter denote the length of the longest single strand fragment recovered from the band and the identity of the cleavage site.
That NCS and bleomycin cause sequence-specific DNA damage suggests that these drugs preferentially bind to specific DNA sites that are then damaged by high local concentrations of free radicals. Although NCS and bleomycin are cytotoxic for some tumor cells and probably act by breaking intracellular DNA, the effect of the drugs in normal tissues differs (4) . NCS strongly suppresses bone marrow function whereas bleomycin causes fibrosis of the lung. The different cleavage specificities and the role of Fe+2 ions in the mechanism of bleomycin induced damage may account, at least in part, for these differences.
Two of the reactions reported here should be useful for DNA sequencing protocols. Treatment of 5'-end-labeled DNA fragments with NCS permits localization of thymine and adenine residues within the sequence. Thymine residues can usually, but not always, be distinguished from adenines, because the preferred site of NCS cleavage is usually at positions of thymine. The products of Fe+2-treated 5'-end-labeled DNA provides a convenient register for the mobility of the DNA cleavage products at each nucleotide.
